There is a tangled uncultivated patch in the centre of the field of protein biosynthesis.
The process of translation itself has been studied intensively for 20 years (Lengyel, 1974) and theoretical and experimental work has advanced our understanding of protein folding, the formation of secondary and tertiary structure (Anfinsen & Scheraga, 1975) . There has been steady growth in our knowledge of modifications of completed polypeptide chains, such as the introduction of carbohydrate and hydroxyl groups, and the specific proteolysis of precursors to produce active forms of proteins (Bornstein, 1974; Steiner et al., 1974; Jentoft et al., 1976) . But the formation of intra-and interchain disulphide bonds, and particularly their mechanism of formation, has been neglected. Not quite a major covalent modification, not exactly a conformational transition, this problem area has not been brought into productive cultivation.
This neglect cannot be attributed to the insignificance of disulphide bonds. Disulphide bonds are present inmost classes of extracellular proteins, including degradative enzymes, polypeptide hormones, immunoglobulins, milk proteins and keratins. Many are, by the usual criteria, essential for the integrity of activity of these proteins (Torchinskii, 1974) .
It has been argued (Epstein et al., 1963) that disulphide bonds contribute only additional stabilization to the native structure of proteins, the precise tertiary and quaternary structures being determined almost entirely by the thermodynamics of non-covalent interactions. This view must now be modified. Work on many proteins has emphasized kinetic influences on the folding process as determinants of protein structure, rather than simply the thermodynamic stability of the final product (Wetlaufer & Ristow, 1973) , and studies on the post-synthetic processing of proteins have emphasized the importance of disulphide bonds in defining the folding process, and hence the folded product.
Insulin is the classic example. The active hormone, containing two polypeptide chains and both inter-and intra-chain disulphide bonds, is derived from a single polypeptidechain precursor, proinsulin, in which these bonds are all 'intra-chain'. Whereas the reduction and re-oxidation of disulphide bonds in proinsulin is fully reversible. (Steiner & Clark, 1968) , this is not the case for insulin (Fig. 1) . The two reduced chains do not re-form the native hormone on oxidation, and the hormone itself, in conditions of facile disulphide interchange (see below), is converted into an extensively cross-linked polymeric product (Givol et al., 1965) . Hence the retention, through proteolytic BIOCHEMICAL REVIEWS VOl. 5
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The mature protein, containing three polypeptide chains non-covalently associated in a characteristic helical conformation, is difficult to regenerate from isolated mature polypeptide chains; the mechanism of formation in vivo is indirect and involves disulphide bonds (see under 'Assembly of disulphide-linked proteins in uivo'). So our limited knowledge of the mechanism of disulphide-bond formation in protein biosynthesis is not due to justified neglect, but rather to the difficulty of the problem. Two difficulties are fundamental. The first is the reaction itself. In an environment containing thiol and disulphide compounds many thiol-disulphide exchange processes may occur in the conversion of protein thiols into disulphides (Fig. 2) , but a lot of evidence from work in uitro and in vivo suggests that the crucial process is isomerization of protein disulphides (reaction 4 of Fig. 2 ). This is an extremely difficult process to assay. There is no net appearance or disappearance of -SH or -S S -groups, no significant change in molecular weight of any protein component, and no stoicheiometric exchange with low-molecuiar-weight materials which could be studied isotopically. It is no wonder that those interested in the cell biology of protein processing have concentrated on the introduction of carbohydrate residues, or the proteolytic degradation of precursors, events far easier to assay by conventional means. The second difficulty is that of specificity. It would be uniquely radical to assume that disulphide bond formation and interchange are not enzyme-catalysed in vivo, and yet unless one assumes an improbably large number of isoenzymes, the enzyme involved will have to deal not only with the different proteins containing -SS-synthesized by a
given cell, but probably with many different 'incorrectly' disulphide-paired isomers of each protein. However, it is notoriously difficult to establish the physiological role of an enzyme which is very non-specific, so that although an enzyme capable of catalysing disulphide interchange in several proteins has been isolated (see under 'Protein disulphide isomerase'), it is difficult to prove that this enzyme is involved in protein biosynthesis (see under 'Problems of interpretation'). So in this review we ask what is the mechanism of protein disulphide-bond formation in vivo? Is the process catalysed by the enzyme known as protein disulphide isomerase?
To put these questions in perspective, the next two sections are devoted to nonenzymic studies of protein disulphide formation, and to the pathways of biosynthesis of disulphide-containing proteins.
Disulphide-bond formation in vitro
Convincing proof that no genetic information was required to determine correct protein folding, other than that present in primary structure, was provided by the experiments of Anfinsen and co-workers (references to this work can be found in Epstein et al., 1963) on ribonuciease. After reduction in urea, the protein contained eight thiol groups and was completely unfolded, and yet on dilution into buffer it was reconverted in very high yield into the active enzyme with correct tertiary structure and correct pairing of residues in its four disulphide bonds. (Theoretically 105 different isomeric pairings are possible.)
In this air oxidation of ribonuclease (which depends on metal ions such as Cu2+ in solution) there is rapid loss of free -SH groups and much slower appearance of enzyme activity. This is also the case when a more controllable oxidizing system involving GSSG*+GSH is used (Hantgan et al., 1974) . In conditions giving optimum reactivation, Hantgan et al. (1974) observed disappearance of -SH groups with a halftime of less than 1 min, protein-conformational changes (detected by absorption and fluorescence spectroscopy of tyrosine residues) with t+ approx. 5min, and slower conformational changes with t+ approx. 100min. Activity reappeared with a single first-order rate constant similar to that defining the slower conformational changes. Diagonal peptide 'mapping' showed that non-native disulphide pairings occurred at intermediate stages in the reactivation. The data are consistent with the rapid formation 'Abbreviations: GSSG and GSH, oxidized and reduced glutathione; IgG, IgM and IgA, immunoglobulins G, M (macroglobulin) and A. of non-native disulphide bonds within ribonuclease (via-short-lived mixed disulphides with GSH) followed by slow conformational changes involving intramolecular disulphide interchange. Wetlaufer's group (Ahmed et al., 1975) has also studied this process with the aim of testing the plausibility of the non-enzymic GSSG/GSH system as the mechanism of disulphide formation in vivo, but concedes that the optimum rates obtained are lower than seem p1ausibIe for biosynthesis. Similarly conceived studies have been carried out on lysozyme (Saxena & Wetlaufer, 1970; Anderson & Wetlaufer, 
1976).
But the most detailed account of the course of disulphide-bond formation in vitro is from work on bovine pancreatic trypsin inhibitor. Creighton (1975) studied the reoxidation of reduced bovine pancreatic trypsin inhibitor by low-molecular-weight disulphides, fixed intermediate stages in reoxidation by blocking free S H groups by acidification or alkylation, and then separated the intermediates by electrophoresis or ion-exchange chromatography. A small number of well-defined intermediates was obtained, and their disulphide pairings were established by diagonal 'mapping'. The kinetics of appearance and disappearance of intermediates led to a kinetic scheme (Fig. 3) which emphasizes that only a small number of the many possible intermediates arise to a detectable extent, and that the refolding defines an obligatory order for formation of native disulphide bonds: first Cys,o-Cys51, then Cys5-CysS5, then Cys14X!ys38. Non-native pairings can form at rates comparable with those for native pairings, but they can be removed by intramolecular disulphide interchange. More proteins will have to be studied in order to demonstrate the generality of this scheme, but such studies are handicapped by the preference of many proteins to form intermolecular links during reoxidation in vitro. Several methods of combating this tendency are being examined (Orsini et al., 1975; Sinha & Light, 1975) .
The formation of interchain disulphide bonds in the assembly of IgG tetramers from reduced chains has also been studied in vitro, and although the pathway observed correlates well with that found in uivo (Petersen & Dorrington, 1974) , the experiments are difficult to interpret because of the use of 'air' reoxidation, and the fact that the reduced chains are not dissociated, but non-covalently associated in a tetramer (Sears et al., 1975) .
Assembly of disulphide-linked proteins in vivo
The formation of disulphide bonds in vivo has been studied most successfully in the case of oligomeric proteins with inter-chain disulphide bonds, such as procollagen (Bornstein, 1974 ) and the polymeric immunoglobulins, IgA and IgM (Parkhouse, 1974; Koshland, 1975 Although there may be differences in detail from tissue to tissue, the pathway of collagen biosynthesis is as follows (Fig. 4) . Procollagen polypeptides are synthesized on membrane-bound ribosomes of the rough endoplasmic reticulum, some hydroxylation of proline and lysine residues probably occurs on nascent chains, and then after completion and release from ribosomes, two pro-q-and onepro-az-chains associatevia disulphide bonds between cysteines in the C-terminal regions of the chains (Byers et a/., 1975) . Disulphide bonding is probably essential for the formation of the triple-helical conformation in the central regions of the chains (Schofield et a/., 1974) . This association to give procoIlagen occurs within the lumen of the rough endoplasmic reticulum and is complete by the time procollagen passes into the lumen of the smooth endoplasmic reticulum (Harwood et al., 1975) ; the molecule then follows the standard pathway of secretion (Harwood et al., 1976) and is subsequently processed by proteolysis to give the collagen molecule itself, the disulphide-containing regions being excised at this point. The mechanism of disulphide-bond formation is not known, but protein disulphide isomerase (see below) has been detected in microsomal preparations from embryonic chick cells involved in procollagen synthesis (R.
The component polypeptides of immunoglobulins are likewise synthesized on membrane-bound ribosomes. The nascent chains incorporate some carbohydrate (Parkhouse, 1974) and undergo some proteolytic processing (Blobel & Dobberstein, 1975) . The completed chains are released, and H-and L-chains associate to form the standard H2L2 structure; the mechanism of -S-S-bond formation at this point is not known, but there is evidence that different pathways of assembly are predominant in different cell types. The polymeric immunoglobulins IgA and IgM are linked by disulphide bonds between HzLz tetramers. These bonds probably form just before secretion, since little intracellular polymeric IgA or IgM can be detected. Polymeric immunoglobulins also contain one copy per polymer of an additional polypeptide, Jchain; from structural studies on IgA, IgM and their components, it has been proposed (Chapuis & Koshland, 1974; Hauptmann & Tomasi, 1975 ) that polymerization is initiated by J-chain and involves a series of disulphide-interchange reactions (Fig. 5) . There is no direct information on the mechanism of this polymerization in vivo, but hints may be gained from studies in vitro of polymerization. Although it is easy to re-form IgG tetramers from reduced H-and L-chains (see under 'Disulphide-bond formation in vivo'), such reassembly does not occur for fully reduced IgA or IgM. But, in the presence of J-chain, and the enzyme protein disulphide isomerase (from ox liver) this reconstitution has been achieved in vitro @ella Corte & Parkhouse, 1973) . The fact that protein disulphide isomerase is required for assembly in vitro and that disulphide interchange is probably the reaction involved in polymer assembly suggest a mechanism for the process in vivo, but do not quite establish it.
Protein disulphide isomerase
The low rates of reactivation of reduced proteins in vitro prompted the search for and discovery of an enzyme capable of accelerating this reactivation to a rate consistent with the rate of protein biosynthesis (Givol et al., 1964; Venetianer & Straub, 1963 . The actual process catalysed by the enzyme is not oxidation, but intramolecular disulphide interchange, and so the enzyme is known as protein disulphide isomerase (EC 5.3.4.1); some of its properties have been summarized by Anfinsen (1973) . The enzyme is present in microsomal preparations from many sources, but only the enzyme from ox liver has been purified and characterized in any detail. This enzyme contains three cysteine residues, and in the native enzyme there is one disulphide bond and one essential thiol group (Fuchs et al., 1967) .
The enzyme will act on ribonuclease that has been reoxidized in denaturing conditions ('scrambled' ribonuclease), catalysing disulphide interchange and net conversion of the molecule into the active form (Fig. 6) ; this reactivation is the standard assay of the enzyme and when authors speak of protein disulphide isomerase activity, they usually refer to this reaction. The enzyme from ox liver will reactivate some other 'scrambled' proteins, such as lysozyme, and it will also act on native disulphide-linked proteins that are the results of proteolytic cleavage, such as insulin and chymotrypsin (Givol et al., 1965) ; the conversion of these molecules into extensively cross-linked products is evidence that the disulphide bonds in the native proteins are 'metastable' (see under 'The question'). The ox liver enzyme is quite non-specific and certainly not restricted to ox liver proteins in its activity. However, it may be that not all 'scrambled' proteins can easily be restored to their native pairing by disulphide interchange; large conformational changes may present activation-energy barriers in some cases (Hawkins & Freedman, 1975) .
The enzyme is found in many animal tissues and in plant sources. In the ox it is present in highest amounts in tissues that synthesize and secrete disulphide-linked proteins @e Lorenzo & Molea, 1967) . In all cases, the enzyme is associated with the microsomal fraction; in rat liver, the activity is present both in smooth microsomal fractions (derived mainly from smooth endoplasmic reticulum) and in rough microsomal fractions, but in the latter it can be activated by treatments that remove bound ribosomes (Williams & Rabin, 1969) . The location of the enzyme within microsomal fractions is uncertain. The findings of Williams & Rabin (1969) suggest that it may be directly masked by bound ribosomes, but if so, one would expect disulphide formation to be the first covalent modification of nascent proteins, which is not the case (see under 'Assembly of disulphide-linked proteins in vivo'). The enzyme can be solubilized from microsomal fractions with enhancement of activity, and can be activated in rough microsomal fractions without removal of bound ribosomes. These observations would be explicable if the enzyme faces the lumen of the endoplasmic reticulum (which is where disulphide formation probably occurs in vivo, see above), and so has restricted access to high-molecular-weight exogenous substrates in microsomal suspensions; however, the sensitivity of both the membrane-bound and free enzymes to inhibition by deoxycholate has made it difficult to test this (Hawkins & Freedman, 1976; Ibbetson & Freedman, 1976) .
The microsomal location of the enzyme is consistent with a role in protein biosynthesis. To establish such a role we need to know more about the organization of enzymes within and across the plane of microsomal membranes and more about the intracellular site(s) of disulphide-bond formation.
Problems of interpretation
Despite the existence of protein disulphide isomerase, and its apparent suitability as a catalyst of disulphide formation and interchange in vivo, its physiological role is not firmly established, and most authors show a determined agnosticism. Several kinds of problem contribute to this situation.
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(i) Deficiencies in our knowledge of protein disukhide isomeruse. Protein disulphide isomerase has, to date, been studied in only a few sources, and in too little detail for any useful correlations with protein synthesis to develop. The evidence on distribution of the enzyme between tissues (above) is scanty; there is no evidence of changes in the concentration and activity of the enzyme being correlated with changes in the pattern or amount of protein synthesis in a tissue, nothing that suggests a definite association with the synthesis of disulphide-containing proteins. The ox liver enzyme has a low substrate specificity, but we do not know if the enzyme in other tissues is identical, or whether it would show a different pattern of substrate preference. The enzyme is also an unspectacular catalyst, and quite low substrate/enzyme ratios are often used. No turnover number has been published, but a rate expressed in terms of molecules of substrate reactivation would not be very informative, since it would depend on the (unknown and possibly large) number of disulphide interchanges involved in conversion of each wrongly oxidized molecule into the active state, and hence on the precise composition of the 'scrambled' substrate mixture.
(ii) Lack of evidence in vivo. For disulphide-bond formation in vivo, it is difficult to design the classic experiment for demonstrating a metabolic step, namely blocking with a specific inhibitor. Protein disulphide isomerase is inhibited by reagents that block thiol groups, but these would inevitably interfere with the crucial groups in the natural substrates too. So there is no definite evidence for a requirement for the enzyme in vivo.
The nearest to such evidence is Parkhouse's (1974) finding of a requirement for the enzyme in the reassembly of reduced IgA and IgM in vitro. (All the cases known of deficient assembly of polymeric immunoglobulins arise from alterations in the immunoglobulin polypeptides themselves.) (iii) l%e possibility of other physiological roles. Protein disulphide interchange may occur in several cellular processes besides protein biosynthesis. The reaction has been proposed as a mechanism for zymogen activation (Brocklehurst & Kierstan, 1973) . But there is a more controversial possibility. In several tissues an enzyme has been described that catalyses cleavage of disulphide bonds of insulin by GSHinsulin transhydrogenase (EC 1.8.4.2) (Varandani, 1973~4, 1974 . Other disulphide containing hormones are also cleaved by enzymes catalysing disulphide interchange (Ferrier et al., 1973; Small & Watkins, 1974) . It has been claimed that this process is the obligatory first step in the catabolism of insulin, but the claim relevant to this review is that GSH-insulin transhydrogenase is identical with protein disulphide isomerase (see, e.g., Ansorge et al., 1973a,b). If so, one or other activity might be physiologically irrelevant, despite its chemical interest.
The evidence for the identity of these two activities is fairly indirect [see Varandani (1974) for summary]. Pursed isomerase from ox liver, and p u r i h i transhydrogenase from ox pancreas both involve an essential thiol group, both catalyse thiol-disulphide interchange in a range of substrates and both are microsomal in location. But few comparisons of molecular properties have been made, and in particular few comparisons have been made in parallel experiments. Instead, studies of specificity, distribution, molecular weight and amino acid composition have been made for individual enzyme preparations, and then compared with the published data on the other enzyme, often from a different tissue or species and obtained by a different method (e.g. Ansorge et al., 19736). From our studies on both activities in rat liver microsomal fractions and in purified preparations from ox liver we have suggested that a single enzyme cannot account for both activities ; rather there may be several thiol-disulphide interchange enzymes of broad but rather different specificities. This would reconcile differences between the enzymes in crude preparations, and their apparent coexistence in purified preparations (Hawkins & Freedman, 1976; Ibbetson & Freedman, 1976) .
Similar evidence on specificity and subcellular location has shown that protein disulphide isomerase is distinct from an enzyme that catalyses the regeneration of protein thiols from mixed disulphides with low-molecular-weight thiols, a process which may be important in prevention of cell damage (Mannervik & Axelsson, 1975) .
